In this study, the effect of flight activity on mortality rates and lipoxidative damage in Drosophila was determined to identify mechanisms through which oxidative damage affects life span. The results showed that flies allowed flying throughout life had higher mortality rates and decreased median and maximum life spans compared to controls. The mortality rate of the flight activity group could be lowered, but not completely reversed by switching to control conditions; and the accrued oxidative damage could not be eliminated. The levels of reactive oxygen species produced by mitochondria isolated from high activity and control flies did not differ significantly. However, the high activity flies had altered membrane fatty acid compositions, which made them prone to increased lipid peroxidation. The effect of flight activity on insect life span differs considerably from the beneficial effects of exercise in mammals; these differences may be caused by physiological differences between the two taxa.
T HE benefits of exercise to human health are welldocumented (1-3) and, based on demographic and epidemiological studies, various forms of physical activity have been recommended to promote and sustain health (4) (5) (6) . Regular physical activity involving expenditure of more than 1000 kcal per week was recently shown to be associated with lower mortality rates in humans (7) , and endurance training was also shown to improve antioxidant defenses in plasma (8) . In rodents, where the effects of exercise have been widely studied experimentally, exercise was shown to increase average life span of female rats despite increased food intake (9) , and also to attenuate agerelated accumulation of oxidative damage to DNA, lipid, and protein in rat skeletal muscle (10, 11) . One of the underlying mechanisms behind these health-promoting effects of exercise is postulated to be adaptation of the antioxidant defense systems to exercise-induced oxidative stress, resulting in improved tolerance and resistance to subsequent challenges (11) (12) (13) .
However, despite all the benefits, the ''ideal'' form of exercise that maximizes the health benefits, its frequency, as well as its intensity and duration remain largely undefined (14) . It is possible that exercise taken to extremes can be harmful, as exemplified by the delayed-onset muscle damage observed in rat skeletal muscle following prolonged acute exercise (15) . Markers of muscle damage during high-intensity exercise (16) and severe physical exercise (17) have also been observed in humans. Exercise increases oxygen consumption in skeletal muscle (18) (19) (20) and generation of reactive oxygen species (ROS) by the mitochondria thereby exacerbating oxidative damage to tissue (21) (22) (23) . It has been shown in mammalian (24, 25) and some insect species (26) that the rate of mitochondrial ROS production correlates inversely to maximum life-span potential. It is therefore likely that extreme physical activity may adversely affect life span if there are no adaptive effects or adequate antioxidant protection.
Invertebrate organisms such as Drosophila and other insect species may provide a useful model to study the harmful effects of exercise because of their high energy utilization (27) . Flight activity in insects and other flying species involves very high energy expenditure (27) (28) (29) , and metabolic rates can go up 20-to 100-fold during flight compared to other forms of physical activity (28, 30, 31) . Using an insect model that may simulate conditions of high physical activity, other researchers showed that flight activity has life-limiting effects in the housefly Musca domestica (32, 33) . They observed that: (i) flies that were allowed to fly had life spans only one third of those prevented from flying since adulthood, and (ii) prevention of flight activity abolished age-related increases in oxidative damage to some mitochondrial proteins that were a characteristic of the exercised flies (33) .
In this study, we used Drosophila melanogaster as a model to investigate the relationship between physical activity, oxidative damage, and life span. First, we sought to establish whether the exercise phenomenon observed in M. domestica (33) could be mirrored in other dipteran species such as Drosophila, and then went further to determine if the effect of flight activity on mortality rates was reversible. We then tested the hypothesis that flight activity decreases life span in Drosophila through accumulation of oxidative damage by looking at possible mechanisms through which this could be accomplished. It is known, for example, that exercise training increases mitochondrial density in rat (34) and human (35, 36) skeletal muscle and that the mitochondrial density of a tissue can be used as a measure of ROS-generating capacity (36) . We estimated the capacity for ROS production in exercising and control flies in two ways: (i) by assessing mitochondrial protein densities through measurement of cytochrome c oxidase (COX) and citrate synthase (CTS) activities, and (ii) by measuring rates of hydrogen peroxide (H 2 O 2 ) production in isolated mitochondria in vitro.
On the basis of recent findings that exercise training, both chronic and acute, can modulate membrane fatty acid composition in rats (37) and humans (38, 39) , we further hypothesized that flight activity could alter membrane fatty acid profiles in flies in a manner that may predispose to lipoxidative damage. The degree of membrane fatty acid unsaturation has been suggested to play a significant role in the rate of aging in several organisms and was shown to correlate inversely with maximum life span of vertebrates (40) (41) (42) (43) . We analyzed membrane fatty acid compositions in whole-fly homogenates to find out whether flight exercise altered fatty acid unsaturation, and what influence this could have on peroxidizability, lipoxidative damage, and life span in Drosophila.
METHODS

Fly Culture
The wild-type Dahomey base stock was cultured in 189 ml bottles for two generations on sucrose-yeast (SY) medium (44) at standard density (45) . Experimental flies were taken from the third generation and collected within a 6-hour period and transferred to bottles of SY medium for 24 hours; male flies were then separated under light CO 2 anesthesia for use in the experiments.
Manipulation of Flight Activity
Flight activity was manipulated by housing flies in conical flasks of two different sizes, 25 and 500 ml, as shown in Table 1 . The container volume per fly was equal in the ''exercise'' (flight activity) and ''control'' (low activity) groups, but the control flies (n ¼ 1050) in the 25 ml containers did not fly whereas the exercise flies (n ¼ 900) in the 500 ml containers did so freely. Experimental flies were maintained at 258C (50% humidity) on a 12-hour light/dark cycle and were transferred every 3 days to fresh SY medium. Deaths were recorded daily.
To measure flight activity, three flasks from the exercise group were placed on a flat bench top against a white background. After a 10-minute period during which most of the flies had settled on the food surface, the numbers of flies taking to the air in each flask were recorded over a 1-minute period. A total of 50 measurements was recorded for each flask over a 3-hour period starting at 11 AM each day. Flight activity was expressed as the proportion (%) of flies in each flask that flew per minute after adjusting for the number of flies lost through deaths and censors at each time point.
The level of nonflight physical activity (crawling, jumping) in both large (500 ml) and small (25 ml) flasks was measured by a modification of the spontaneous locomotor activity (SLA) described by Minois and colleague (46) . Dots were marked on the surface of the flasks, and the fly closest to the dot was observed over a 3-second period. A score of þ1 was given if the fly was crawling and a score of 0 if it remained stationary. Flight activity (measured separately above), as well as preening, was not included as SLA. Measurements were made from the large and small flasks on days 3, 13, and 25 of the experiments. The SLA score was given as a number of 25 total observations.
Flight Activity Switch Experiments
Switch experiments were carried out to test whether the mortality rates of exercise (flight activity) and control flies were reversible. In these experiments, 1800 flies were allocated to exercise and 1500 flies to control conditions. After 15 days, half of the surviving flies in the exercise group were switched to control conditions and vice versa, and the mortality rates of the remaining flies were monitored until all were dead.
Mitochondrial Protein Density
Mitochondrial enzymes such as CTS (matrix) and COX (inner membrane) are commonly used for assessing mitochondrial density (36) . The specific activity in wholefly homogenates divided by the specific activity in isolated mitochondria gives a ratio of mitochondrial protein per whole-fly protein, termed the mitochondrial protein density.
Whole-fly homogenates for enzyme assays were prepared from 10 flies in 1 ml of either 50 mM imidazole containing 2 mM EDTA and 0.5% Triton X-100, pH 7.1 (Buffer A) for the CTS assay, or 200 mM Tris-HCl, pH 7.5, containing 0.03% Tween 80, pH 7.5 (Buffer B) for the COX assay. Chilled flies were weighed and homogenized in buffer using three 20-second bursts of a T8 Ultra-Turrax homogenizer (Jencons-PLS, East Sussex, U.K.) given at 1-minute intervals on ice. The homogenates were centrifuged twice at 2000 g for 15 seconds in a refrigerated centrifuge (48C), and the resultant supernatant was assayed immediately for enzyme activity.
The isolation of fly mitochondria was based on existing protocols (47) with modifications previously described by Miwa and coworkers (48) . Fifty flies were used per preparation, and the mitochondrial pellets obtained were dissolved in 0.5 ml of the appropriate buffer for either the CTS or COX assays. Enzyme activities were assayed immediately.
Protein concentrations in the whole-fly homogenates and mitochondrial fractions were determined using the Pierce BCA Protein Assay Kit (Perbio Science UK Ltd., Cheshire).
CTS (E.C.4.1.3.7) activity was measured using the procedure described by García-Esquivel and colleagues (49) with some modifications. The reaction mixture contained Buffer A medium; 0.1 mM 5,5-dithiobis-2-nitrobenzoic acid (DTNB); 0.3 mM acetyl-coenzyme A; 0.05 mM oxaloacetate; and 10 ll of dilution of either wholefly homogenate or mitochondrial fraction to a total volume of 1 ml. Reduction of DTNB was monitored at 412 nm in a spectrophotometer.
COX (E.C. 1.9.3.1) activity was measured by using a modified method of Smith (50) in a cuvette containing Buffer B (described above), 0.03% Tween 80, 100 lM reduced cytochrome c, and 10 ll of whole-fly homogenate or mitochondrial protein dilution. The oxidation of reduced cytochrome c was followed at 520 nm in a spectrophotometer at 258C.
Mitochondrial ROS Production
Mitochondria were isolated from 200 flies by using the procedure previously described (48) . Determination of the rate of H 2 O 2 production was carried out in the presence and absence of respiratory chain inhibitors (48,51) with snglycerol 3-phosphate as substrate. The assay is based on the principle that H 2 O 2 formed by dismutation of superoxide within the mitochondria reacts with homovanillic acid in the presence of horseradish peroxidase (HRP) to form a fluorescent product that can be detected fluorometrically (k excitation ¼ 312 nm, k emission ¼ 420 nm) (51) . Exogenous superoxide dismutase (50 U/ml) was included in the assay medium. An F-4500 Hitachi fluorescence spectrophotometer (Jencons-PLS) was used to record the fluorescence measurements at 258C.
Lipid Peroxidation
Lipid peroxidation (assessed as thiobarbituric acidreactive substances [TBARS]) was determined in exercise, control, and switched flies. A modified method of Buege and Aust (52) was used. Groups of 100 flies each were sampled from exercise and control groups immediately before, and at 6 and 9 days after the switches. Drosophila eye pigment interferes with the TBARS or malondialdehyde (MDA) assays, and the heads of the flies were first removed by sieving after immersion in liquid nitrogen. The bodies of the flies (thoraces and abdomens) were ground to homogeneity in 4 ml of 10 mM HEPES buffer, pH 7.4 (supplemented with 1 lM butylated hydroxytoluene, 1 mM DTPA, and 1 mM phytic acid as antioxidants) using a pestle and mortar on ice, and the rest of the analysis was carried out as described (52) .
Lipoxidative Damage to Protein and Membrane Lipid Analysis
Three thousand (3000) flies were allocated to each of exercise and control conditions, and cross-sectional sampling of flies was carried out at time points corresponding to survivorship in the exercise group. For each sample, 100 flies were counted under CO 2 anesthesia and homogenized in 5 ml of 10 mM HEPES buffer, pH 7.4 (supplemented with 1 lM butylated hydroxytoluene, 1 mM DTPA, and 1 mM phytic acid as antioxidants) using pestle and mortar on ice. The homogenates were passed through two layers of muslin, aliquoted, snap-frozen in liquid nitrogen, and stored frozen at À808C until analysis.
Levels of N
e -carboxymethyllysine (CML), N e -carboxyethyllysine (CEL), and MDA-lysine (MDAL) in the crude homogenate fractions were quantified by isotope dilution and selected ion-monitoring gas chromatography/mass spectrometry as previously described (53) .
Fatty acyl groups were analyzed by gas chromatography as described (54) . The following fatty acyl indices were calculated: saturated fatty acids (SFA); unsaturated fatty acids (UFA); monounsaturated fatty acids (MUFA); polyunsaturated fatty acids from n-3 and n-6 series (PUFAn-3 and PUFAn-6); average chain length (ACL)
Statistical Analyses
Survival data for exercise and control flies were compared using log-rank tests (55) in JMP statistical software version 5.1 (SAS Institute, Inc., Cary, NC). Mortality rates (the proportion of individuals that enter a time interval that die during it) give a measure of the instantaneous hazard of death at a particular age (56) . The mortality rate (l x ) at age x is: l x ¼Àln(p x ), where p x is the probability of an individual alive at age x surviving to age x þ 1 (57). The increase of mortality (l x ) with age can be expressed using the Gompertz equation as: l x ¼ ae bx , where the constant a is the intrinsic or baseline mortality rate, and b is the rate at which mortality rates accelerate with age (58) . Values for a and b were calculated using the Gompertz model available in WinModest Statistical Software (59) .
Behavioral data (flight activity and SLA) were analyzed by one-and two-way analysis of variance using age as the explanatory factor to test whether there was a significant effect of age on either activity. The chi-square test was used to analyze the mortality rates for the switched flies both before and after the switches.
Differences in ROS production, oxidative damage parameters, and membrane lipid composition between exercise and control flies at each time point were tested for statistical significance using Student's t test.
RESULTS
Survival and Mortality Rates
Flight exercise decreased median and maximum life span by 33% and 31%, respectively (Figure 1a ; log-rank test chi-square (v 2 ) ¼ 1005.7, p , .0001). A comparison of the Gompertz parameters a and b for the mortality trajectories (Figure 1b) showed that the intrinsic baseline mortality rate a (intercept) was significantly higher by an order of magnitude in exercise flies fa ¼ 0. 
Flight Activity Switch Experiments
When flies were switched from exercise to control conditions ( Figure 4a The reciprocal switch from control to exercise (Figure 4b ) again showed that the initial baseline mortality rate was higher in exercise flies [a ¼ 0.000546 (0.00464, 0.00644)] than in control flies [a ¼ 0.00061 (0.00047, 0.00080)] ( p , .00001). On switching, the mortality rate for switched flies immediately increased, became significantly different from that of the control group on day 20 ( p , .000001), and remained so thereafter. The mortality rate for switched flies became indistinguishable from that of the exercise group on day 20 ( p ¼ .08) and only became significantly higher on day 30 ( p , .03). The change in mortality rate on switching from low exercise to flight exercise happened over a relatively shorter period of time (5 days).
Mitochondrial Protein Density
There were no statistically significant differences in mitochondrial protein density between exercise and control flies with COX as marker ( Figure 5 ), and protein density decreased with age in both groups of flies. However, when CTS was used as marker ( Figure 5 ), mitochondrial protein density was significantly higher for the exercise group on day 12 ( p , .01) but was not significantly different on day 29. The graph for CTS also shows that mitochondrial protein density increased with age in both groups of flies, an effect opposite to that obtained with COX.
Mitochondrial ROS Production
Mitochondrial H 2 O 2 production did not differ significantly between exercise and control flies, and there was no effect of age on H 2 O 2 production in either group ( Figure 6 ). There were also no statistically significant differences in H 2 O 2 produced between the two groups of flies in the presence of the respiratory chain inhibitors rotenone, antimycin A, and myxothiazol.
Oxidative Damage to Lipid and Protein
Exercise flies had higher MDA levels compared to controls of the same chronological age (Figure 7a ). MDA levels were 110% higher in the exercise group on day 25 ( p , .001) and about 30% higher after day 35 ( p , .01). Levels of TBARS were 60% higher in the exercise group compared to the control group before the switches ( Figure  7b , p , .01), and remained so to day 9 after the switch. Switching flies from exercise to control conditions and vice versa had no significant effect on levels of TBARS up to day 9 after the switch.
A common observation in this study was that glycoxidative and lipoxidative damage to protein (CML, CEL, and MDAL markers) increased with age in exercise and control groups of flies (Figure 8 ). CEL levels were significantly higher for exercised flies on day 35 ( p , .01), whereas CML levels were always significantly higher for exercised flies compared to controls at all ages ( p , .004). Results for MDAL show that levels were higher in control flies on days 12 and 25, but were much lower on day 35 ( p , .0001). In summary, these results show that lipoxidative damage to protein increased with age in flies, and that exercised flies had higher levels of protein modification compared to controls that were prevented from flying.
Lipid Composition of Whole-Fly Homogenates
The membrane fatty acid compositions for exercise and control flies are shown in Table 2 and Figure 9 . There were no statistically significant differences in SFA levels between the two groups of flies at ages 12 and 25 days (Figure 9 ) although SFA levels were higher in control than in exercise flies at age 35 days ( p , .001). Exercise flies had significantly higher levels of PUFA at days 12, 25, and 35, compared to controls (Figure 9, p , .0001) . The PI (a measure of susceptibility to lipid peroxidation) was also much higher in exercise flies compared to controls (Figure 9 ). In exercise flies, the PI was higher on days 12, 25, and 35 compared to controls ( p , .0001). There was also a close agreement between PI and TBARS (lipid peroxidation levels, Figure 7 ).
DISCUSSION
The results from this study indicate a possible cost of flight activity in Drosophila that is associated with high mortality rates, decreased average and maximum life spans, as well as increased levels of oxidative damage to proteins and lipids. The effect of flight activity on life span and oxidative damage in Drosophila seems to agree with what was first reported in the housefly (33) . It appears that the deleterious effects of flight exercise could be similar for dipterans, although the magnitude of the effect differs. The attribution of the observed effects to flight exercise in this study may represent a biased interpretation of the results if we do not discount the influence of other factors such as differences in nutritional intake or differences in food surface area per fly between exercise and control flies. The contribution of these other two factors to the observed effects, however, could be insignificant for the following reasons: (i) The mortality rates of exercise flies could only be lowered, but not completely reversed by switching to control conditions (Figure 4 ). If differences in nutritional intake between the two groups of flies were a factor, rapid reversals in mortality rates with a change in nutritional status (60) could have been observed, but this was not the case.
(ii). If surface area per fly (overcrowding) was also a cause, we could have observed a significant drop in the slope of the mortality trajectory for flies in the large flasks (exercise) with age as fly numbers dwindled due to deaths but, again, that was not the case (Figure 4) . A comparison of behavioral data between exercise and control flies strongly suggests that the effects on life span and mortality rates could be attributed to flight activity because all other parameters (SLA activity, fly density) were similar for both groups.
The deleterious effects of flight exercise reported here and elsewhere (33) , however, contradict the beneficial effects of exercise reported in humans (61, 62) and rodents (9, 63) , possibly suggesting that the effects of extreme physical activity may differ between species. An explanation for this anomaly could be that flying insects encounter a much greater oxidative challenge as a result of elevated metabolic rates during flight compared to moderate exercise known to promote health in nonflying organisms. Although most vertebrates can adapt relatively easily to modest increases in ROS production in exercise by virtue of their elaborate antioxidant defenses (13, 64) , it has not been determined whether such adaptive mechanisms operate in invertebrate organisms such as insects that have a high content of postmitotic tissue and very low rates of protein turnover (65) .
We tested whether the effect of physical activity on mortality rates of flies was reversible by carrying out a series of switch experiments (Figure 4, a and b) . The objectives were to establish two things: first, whether the mortality rates in exercise flies were reversible, and second, whether there was an association between oxidative damage and mortality rates for exercise and control flies. Our hypothesis was that if damage accrued during flight activity was the cause of high mortality rates observed in the exercise group, a reversal of either damage or mortality rate (or both) to lower levels should occur on switching to control conditions, and vice versa. The results (Figure 7b) show that the damage accrued during flight by the exercise group was not reversible even up to 9 days after the switch, although the mortality rate could be slowed down gradually by switching from exercise to control conditions (Figure 4a ). The relatively rapid increase in mortality rate on switching from control to exercise conditions (Figure 4b ) perhaps highlights the risk that may be associated with imposing extreme physical activity on previously sedentary or low activity individuals. Overall, the switch results suggest one of two things, that either: (i) oxidative damage is not the cause of high mortality rates in flies, or (ii) the damage marker used for this assessment was inappropriate.
We selected lipid peroxidation for assessing oxidative damage before and after the switches because it is considered the first damage to occur following an oxidative stress (66) and would therefore be ideal (compared to other markers) for detecting transient oxidative damage during the switches. Measurement of other markers could potentially yield a different picture because oxidative damage is a highly selective (67) and specific (68) process. However, lipid peroxidation is a very useful damage marker in biological systems because its by-products can cause damage to other biomolecules such as proteins (69, 70) and nucleic acids (66, 71) .
Protein oxidation is considered critical for the aging process because it leads to inactivation of some enzyme systems and damage to structural proteins (72, 73) potentially leading to organ failure. Oxidative damage to protein may be even more critical for insect species such as Drosophila because of their high content of postmitotic tissue and low rates of protein turnover (65) . A look at nonenzymatic protein modification markers in this study (Figure 8) indicates that glycoxidative and lipoxidative damage were prevalent in the two groups of flies, and increased with age. Although we could not establish a direct link between lipid peroxidation (measured as TBARS) and mortality rates in this study, there is a strong possibility that the higher markers of damage to proteins observed in exercise flies compared to controls could alter some basic physiological processes leading to the high mortality rates.
Comparison of our results ( Figure 8 ) with those obtained for other species (74) shows a common trend that lipoxidative damage markers increase with age, although the nature and form of damage appear to differ quantitatively and qualitatively between species, and also between interventions that alter life span. Our search for mechanisms through which exercise flies accumulated damage more than did control flies showed that there was no significant differences in ROS production potential measured as mitochondrial protein density ( Figure 5 ) or H 2 O 2 production ( Figure 6 ) between the two groups of flies. This is in contrast to reports presented by other researchers studying the effects of flight activity in houseflies (33, 75) . The rates of superoxide anion (75) and H 2 O 2 (33) production were shown to increase with age in houseflies, although metabolic potential remained the same for both high activity and low activity flies. The lack of correlation between ROS production and oxidative damage that we observed in this study may imply either one of two possibilities: (i) that ROS production in isolated mitochondria in vitro in state 4 (resting condition, in the absence of adenosine diphosphate (ADP) does not adequately mimic mitochondrial ROS production in vivo, or (ii) that there is more than one mechanism through which interventions that decrease life span can cause accrual of oxidative damage in organisms.
An alternative mechanism for explaining the higher oxidative damage parameters in exercise flies is implied by our results of the membrane lipid composition analyses (Table 2 and Figure 9 ). It can be concluded from these results that flight activity altered lipid composition in flies such that exercise flies had more PUFA than did controls ( Figure 9 ). As the degree of fatty acid unsaturation has been shown to correlate negatively with life span in several animal species (54, 76) , our present results suggest that flight activity alters fatty acid composition in exercise flies as shown by more PUFA, higher double bond index, and higher PI than in control flies ( Figure 9 ). The alterations to membrane lipid composition could therefore make exercise flies more susceptible to oxidative damage even though they may produce the same amount of ROS as do controls. However, the physiological or biochemical mechanisms through which flight activity alters membrane lipid unsaturation in flies are still unknown.
Conclusion
This study has shown that flight activity in Drosophila is associated with reduced life span, high mortality rates, and increased levels of oxidative damage to lipids and proteins. A comparison of behavioral activity measurements (flight activity and SLA) between exercise and control flies reaffirms that flight activity was the major cause of this phenomenon. The high mortality rates of exercise flies could be slowly reversed when they were prevented from flying; however, the accrued oxidative damage could not be eliminated. A possible explanation for why exercise flies accrued more oxidative damage than did controls is that they contained more unsaturated membrane lipids which may have enhanced their susceptibility to lipoxidative damage. However, the underlying biochemical mechanism through which flight activity alters membrane phospholipid compositions in flies is still unknown. We postulate that the disparity in the effects of exercise on life span between mammals and Figure 9 . Saturated fatty acids (SFA) levels, polyunsaturated fatty acid (PUFA) levels, double bond index (DBI), and peroxidizability index (PI) for ''exercise'' (filled circle) and ''control'' (open circle) flies. Cross-sectional sampling of the flies was done at days 12, 25, and 35, which were at 95%, 65%, and 35% survivorship, respectively, for the exercise group. Additional sampling points were also introduced at days 40 and 53 to represent 65% and 35% survivorship for control flies. Points on the graphs are mean and standard deviation for five determinations. *Values significantly different from control, p , .0001. insects may be due to physiological differences between the two species and mechanisms of coping with exerciseinduced oxidative stress.
